The German government has decided upon the changeover from fossil and nuclear based electrical power generation to renewable energies. Following from this offshore wind farms are erected in the exclusive economic zones of Germany. For the transportation and installation as well as the maintenance of the wind turbine generators very specialized vessels are needed. The capability of dynamic positioning even in very harsh weather conditions is one of the major design tasks for these vessels. For this reason it is important to know the external loads on the ships during station keeping already in the very early design stage. This paper focuses on the computation of wave drift forces in regular and irregular waves as well as in natural seaway. For validation the results of the introduced calculation procedure are compared to measured drift force data from sea-keeping tests of an Offshore Wind Farm Transport and Installation Vessel.
NOMENCLATURE

L
Length of the vessel T Draught of the vessel m Total mass of the vessel g Gravitational acceleration dt
Time step Θ 3x3 matrix of inertia with respect to COG of the vessel β Wave propagation direction β = π − µ * Address all correspondence to this author. Encounter frequency between the ship and the waves ω 0 Modal frequency of the specified seaway class ε j Random phase angle of irregular waves ε jl Random phase angle of natural seawaŷ Y p
Complex transfer function of the pressure at a point at the mean waterlinê Y 4 Complex transfer function of the roll motion ∆ s
Directional vector of each waterline element A x0
Area of the wetted transom in calm water H 1/3 Significant wave height z x0 Vertical 
INTRODUCTION
The German politics have decided upon the energy turnaround for sustainability, meaning the changeover from nuclear and fossil based electrical power generation to the use of renewable energies. One major stakeholder for this switch are offshore wind farms. The areas for the erection of these wind farms are the exclusive economic zones of Germany in the North Sea as well as the Baltic Sea. Several thousands of wind turbine generators (WTG) are required to fulfill the ambitious goals of the German government. For the installation at first place and the maintenance in the following years, specialized vessels are needed. In order to keep downtimes during the installation process and during the power production in the following years as low as possible, vessels for both tasks must have the capability of dynamic positioning even in very harsh weather conditions. Hence dynamic positioning is a major design task for these kinds of vessels and should already be considered in the early design stage, especially under the aspect of a holistic ship design. For this fast and reliable calculation methods are needed. In addition to wind and current loads, wave drift forces are the third major environmental loads that have to be considered for the design of DP-Systems. While wind and current loads can be determined based on lateral areas and drag coefficients, for wave drift forces more sophisticated tools are needed. The reason for this is the dependency of the wave drift forces on the ship's hull form, the wave height and period as well as the encounter angle. In the following the nature of wave forces is explained and a calculation method based on potential theory for the determination of wave drift forces in regular and irregular waves as well as in natural seaway is described. At first the wave drift forces are calculated in the frequency domain using the unit wave amplitude. Based on the results in the frequency domain, calculations in the time domain can be executed, which lead to time series of the longitudinal and transverse wave drift forces as well as the wave drift moment of yaw. These time series can be used as input data for dynamic positioning computations in the time domain. Finally the paper closes with a validation of the calculation results with measured wave drift forces of the Offshore Wind Farm Installation Vessel Sietas Type 187.
WAVE FORCES
When talking about wave forces on offshore structures and ships it is important to distinguish between first and second order forces. The first order wave forces are mostly relevant for the construction of offshore structures as stated in [1] . With a zero mean value averaged over one period, the first order forces oscillate with the wave frequency. Wave drift forces, which are second order wave forces, are about one magnitude smaller in relation to the first order forces. With a non-zero mean value, wave drift forces are proportional to the square of the wave amplitude in harmonic waves. This leads to a constant timely weighted average resulting force in the propagation direction of the waves. Hence wave drift forces have to be considered for station keeping. In irregular waves drift forces are proportional to the square of the envelope of the exciting waves. The reason for this is the slow change of the wave drift forces regarding the variation of the wave heights in irregular seas. With good approximation the longitudinal wave drift forces are equivalent to the added resistance in waves for ships with forward speed, but normally defined with an opposite sign. 
COMPUTATION OF WAVE DRIFT FORCES AND THE WAVE DRIFT MOMENT OF YAW
In this chapter a calculation procedure for the longitudinal and transverse wave drift forces as well as for the wave drift moment of yaw is explained. The procedure is subdivided into two parts. The first part is the computation of the drift forces in the frequency domain in harmonic waves of unit wave amplitude. In the second part the computation in the time domain using irregular waves and natural seaway is explained. The described calculation procedure is integrated in the ship design environment E4, for which a detailed description can be found in [2] and [3] .
Frequency Domain Computations
In 1970 Boese published his theory for the calculation of the added resistance in waves in the frequency domain [4] . In this theory the second order forces are determined based on first order results. For this approach the required first order motions of a ship are calculated according to strip method as described in [5] and the first order pressures on the hull surface are determined with the pressure strip method by Hachmann [6] . While normally the calculation of pressures is omitted in common strip methods, this is the focus of the latter method. In order to fit the usual strip theory the pressure strip method has been adapted in [7] . Based upon this the derivation of the following equations for the longitudinal and transverse wave drift forces can be found in [8] , while the equation for the wave drift moment of yaw is from an unpublished paper by Söding. Figure 1 shows the inertial coordinate system used for the description of the theory. The origin is located at the intersection of the the midship section, the midship plane and the keel. Furthermore it has to be mentioned, that the system is rotated by 180 • around the longitudinal axis for the output of the results. Following from this the output of the longitudinal forces is positive forward, the transverse forces are positive to portside and the output of the yaw moment is positive turning counterclockwise around the upward pointing axis. For the time-averaged longitudinal wave drift force Eqn. (1) is valid and for the time-averaged transverse wave drift force Eqn. (2) is used. Equation (3) shows how the time averaged wave drift moment of yaw is calculated. In Eqn. (1), Eqn. (2) and Eqn. (3) the forces on the hull of the vessel beneath the average still-water line are accounted for by the first summand, while the second summand considers the forces on the ship due to the relative motion between the vessel and the water surface. The third summand in Eqn. (1) is a correction term valid for ships with a non-wetted transom beneath the waterline at forward speed. In Eqn. (3) the index ζ indicates the relevant vector component for the moment of yaw and the last two terms are needed because the origin of the coordinate system is not the center of gravity.
(1)
Equation (1) is already used in the ship design environment E4 for the determination of the added resistance in waves as described in [9] . However the determination of the relative motion between the water surface and the ship is improved. While for the added resistance only the Froude-Kriloff forces, which are caused by the undisturbed pressure field due to the incident wave, are used, the new implementation additionally accounts for the diffraction and radiation forces. Corresponding to [8] this is achieved by using the above mentioned approach by Hachmann [6] to compute the complex amplitudes of the pressures at the mean waterline. Based on this the complex transfer functions of the pressures are determined and with these the complex transfer functions of the relative vertical motion are found by Eqn. (4) 
For the aforesaid way to determine the wave drift forces typical results are revealed in the following. Figure 2 shows typical results for the longitudinal and Fig. 3 for the transverse wave drift force, while in Fig. 4 characteristic results for the wave drift moment of yaw are displayed.
In the diagrams the encounter angles are counted counterclockwise from µ = 0 • for following seas over the starboard side to µ = 180 • for head seas and back over the port side of the vessel. For the symmetric model at an un-heeled floating position, symmetric results for both sides of the vessel have to be expected as well.
Faltinsen explains in [10] , that wave drift forces for long waves originate from the motions of the vessel, while drift forces in short waves are mainly due to the reflection of the incoming waves from the ship's hull. For the longer waves the above mentioned equations can be used, whereas the calculation for the zero speed case for short waves is done in accordance to [10] as explained below. Figure 5 shows the definitions used for the following equations. It has to be mentioned that as β = 0 • for head seas, it has to be transformed by β = π − µ for the used angle of encounter µ, which is zero in following seas. Equation (5) shows how the longitudinal wave drift forces are calculated in short waves, while Eqn. (6) is valid for the transverse wave drift forces and Eqn. (7) for the wave drift moment of yaw. 
− y 0 · sin (γ) dl Figure 6 shows characteristic results for the longitudinal wave drift force with the short wave correction as explained in [10] applied for waves shorter than the length of the vessel.
In Fig. 7 typical results for the transverse drift force with the short wave correction applied for waves shorter than half the length of the vessel are shown and in Fig. 8 for the wave drift moment of yaw, where the short wave correction is applied for waves shorter than the length of the vessel. As already mentioned 
Time Domain Computations
The results from the frequency domain calculations for different encounter angles with the unit wave amplitude, as described in the previous section, will be used as input data for the time domain computation described in this section. In the beginning a time domain computation procedure for the calculation of the wave drift forces and the wave drift moment of yaw in unidirectional irregular waves according to [1] is presented.
Based on this an enhancement for natural seaway is introduced in the second subsection. Irregular Waves. Using the wave drift forces determined with the equations above as input values and combining them with the seaway data from energy density spectra, it is now possible to determine time dependent forces in irregular waves of arbitrary heights and with different encounter angles. Depending on the selected input data, Eqn. (8) is valid for the calculation of time series for the longitudinal and transverse wave drift forces as well as the wave drift moment of yaw as explained in [1] .
Equation (8) shows the dependency of the wave drift forces on the square of the envelope of the random seaway, with the envelope of the random seaway corresponding to the amplitude fluctuation of the random seaway under consideration. Furthermore the dependency on the mean drift force coefficient becomes clear, which is determined by Eqn. (9), which indicates that the mean drift force coefficient is a mean value weighted with the seaway defined by the energy density spectrum.
Equation (10) represents the definition of the drift force coefficient, either for the longitudinal or transverse wave drift forces as well as the wave drift moment of yaw. The equation shows how the drift force coefficient is computed from the frequency domain solution with ζ 2 a being the square of the unit wave amplitude.
The typical generation of a time series of a random seaway from a seaway spectrum is presented in Eqn. (11) . The wave spectrum is subdivided into J parts.
FIGURE 10. TYPICAL RESULTS FOR F 2 η (t).
Based on Eqn. (11) the square of the envelope of the random seaway can be determined with Eqn. (12) .
Typical results for the aforesaid calculation procedure for the longitudinal wave drift force are presented in Fig. 9 and for the wave transverse drift force in Fig. 10 . Both time series clearly constitutes the non-zero mean value. Fig. 11 shows characteristic results for the wave drift moment of yaw, where the non-zero mean value can be noticed as well. All three presented examples Natural Seaway. Adapted from the above described calculation procedure for unidirectional irregular waves from [1] , this subsection deals with the calculation of time series for wave drift forces and the wave drift moment of yaw in natural seaway. Keeping in mind Eqn. (13) , as stated in [11] , and combining Eqn. (13) with Eqn. (9) this leads to Eqn. (14) .
As described in [12] the complex wave amplitude for short crested seaway can be determined with Eqn. (15) by using Eqn. (16) .ζ
In Eqn. (17) the relation between the real and the complex wave amplitude is shown. The real wave amplitude is equal to the absolute value of the complex wave amplitude.
Based on Eqn. (14) and using Eqn. (17) with Eqn. (15) and Eqn. (16) the mean drift force coefficient for natural seaway is derived according to Eqn. (18).
Based on the frequency domain results the wave drift force coefficients are determined according to Eqn. (19).
To generate the required time signal of the wave amplitude Eqn. (20) from [12] can be adopted.
Re e i ω j t + ε j,l (10) and Eqn. (11) the above described procedure for irregular waves can be used for natural seaway as well.
VALIDATION
For the validation of the presented calculation procedure sea-keeping test results for the Offshore Wind Farm Installation Vessel Sietas Type 187 in unidirectional irregular waves are compared to computed results based on a model of the vessel in the ship design environment E4. The Sietas Type 187 is purpose build for the transportation and erection of offshore wind turbines and it is thus belonging to the third generation of this specific ship type. This generation of jack-up ships is especially designed and constructed according to the specific requirements of the offshore wind industry, while older jack-up vessels are mostly converted other ship types. The main reason why so much effort is put into these new vessels is the fact, that no offshore wind turbines shall be visible from ashore in Germany. This directly leads to installation sites far away from the coastline and hence to greater water depths and a very harsh environment for the operation of these vessels. The Sietas Type 187 is presented in Fig. 12 and the main characteristics of the vessel can be found in Tab. 1. From this table the length/beam ratio can be identified as rather small and the beam/draught ratio as large in comparison to to conventional ships. There are several boundary conditions leading to these unusual ratios: For the transportation of the wind turbines and foundations a large deck area is required, leading to a great beam of the vessel. Additionally the relatively small length and draught of the vessel are caused by the restricted water depth and berth length at the offshore terminals, where the vessel loads its cargo. Another reason for the rather small length is the longitudinal bending moment, which is critical because of the required jacking capability of the vessel, especially in combination with a rather small side depth. Furthermore it is necessary to enable a secure standing position for the vessel in its jacked-up position. This works best with a small length/beam ratio with the legs located as far away from each other as possible.
A critical examination concerning the applicability of the strip theory is necessary, because of the unusual main dimension ratios of the vessel and the fact that strip methods are based on slender body assumptions. However then the length/beam ratio of the Sietas Type 187 is 3.67, being still significantly smaller than the threshold value of 2.5 for which a remarkable effectiveness for the prediction of ship's motion by strip theory is testified in [10] . In supplement the use of the strip theory is approved with good results for wave length as short as one third of the vessel's length in [13] , which leads to critical wave frequencies higher than approximately 1.1 rad/second for the vessel under consideration. Hence if the discretization of the strips is done properly, the large beam/draught ratio of the vessel should not be a problem. The analysis described below is based on a loading condition of the vessel floating with even keel on its design draught. The utilized model in E4 consists of the buoyancy body and the ship's displacement, considering the weight distribution in all three spatial directions for the correct representation of the mass moments and products of inertia. The complex transfer functions for all six degrees of motions and the pressures are computed based on equidistant discretized stripes. The sea-keeping tests have been performed with a model in scale 1:27 for the three sea states listed in Tab. 2. And for the simulation the modified Pierson-Moskowitz spectrum according to Eqn. (21) from [12] is used.
The relation between the peak period and the average period for a Pierson-Moskowitz spectrum can be found in [14] and it is defined as shown Eqn. (22).
The wave drift forces in this section are simulated for 10 4 seconds, which is the recommended magnitude in [1] the composition of the irregular seaway. And since the seakeeping tests have been performed with an unidirectional seaway, no angular spreading is used. The short wave correction is applied for wave lengths smaller than the length of the vessel for the longitudinal and for waves shorter than half of the ship's length for the transverse drift forces. The comparison between the measured wave drift forces and the computed results is done by the mean values of the time series of the forces, because these measurements were available only. No measurements for the wave drift moment of yaw have been carried out.
For the seaway specified in Tab. 2 the comparisons of the measured data to the computed results are presented in Fig. 13 for seaway W4, in Fig. 14 for W5 and in Fig. 15 for W6. The presented results are reasonable for all three sea states. Especially the accordance for the longitudinal wave drift force in following seas is good, while the mean value of this force in head seas is overestimated by the computation. The transverse wave drift forces are also overestimated by the presented calculation procedure. But remembering that wave drift forces are second order forces, which are computed based on first order results here, and assuming an accuracy of 10-15 % for the first order results, the accuracy of the second order results may not be better than 20-30 % as it is mentioned in [15] . Additionally conservative results are rather favorable for the design of DP-Systems.
CONCLUSIONS
In this paper a calculation procedure for the computation of time series for the longitudinal and transverse wave drift forces as well as the wave drift moment of yaw is presented. The use of potential theory makes the procedure fast and therefore applicable as a first principle design tool in the very early ship design stage. The comparison to sea-keeping test results leads to an acceptable accordance. Together with the simulation of wind forces as formulated in [16] the described procedure can be used for the generation of input data for a dynamic positioning code as introduced in [17] .
